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CHARACTERIZATION OF TWO ENDOGENOUS TROPHIC FACTORS INVOLVED IN
REGENERATION OF THE GOLDFISH OPTIC NERVE. Jason M. Schwalb and Larry I.
Benowitz. Department of Neurosurgery, Children's Hospital (Boston), Department of
Surgery, Harvard Medical School, Boston, MA. (Sponsored by Susan Hockfield,
Department of Neurobiology, Yale University School of Medicine).
Unlike mammals, lower vertebrates are able to regenerate injured pathways of the
central nervous system throughout life. The factors responsible for initiating this
process are unknown. We have shown that in dissociated cell culture, goldfish retinal
ganglion cells regenerate their axons in response to two factors derived from goldfish
optic nerve glia. Axogenesis factor 1 (AF-1) is a small, hydrophilic peptide (700-900
daltons) that is inactivated by treatment with proteinase K, but heat-stable. A second
factor, AF-2, is a basic polypeptide of c. 12 kDa. Dissociated retinal cells remain viable in
serum-free defined media for at least a week, but show little outgrowth. The addition of
AF-1 induced up to 25% of cells in culture to extend processes > 75 urn in length by 6
days; AF-2 had a lesser but highly significant effect. Retrograde tracing studies
confirmed that neurite outgrowth was from retinal ganglion cells per se. The effects of
AF-1 and AF-2 were not secondary to enhanced viability, since neither overall cell
survival nor the number of retinal ganglion cells was affected by the presence of these
factors. The activity of AF-1 and AF-2 was not mimicked by several defined factors
tested over a broad concentration range, e.g., NGF, BDNF, NT-3, NT-4/5, CNTF, aFGF,
bFGF, taurine and retinoic acid. The concentration of AF-1 is considerably higher in
conditioned medium than in optic nerve homogenates, suggesting that it is actively
secreted; AF-2 has a similar concentration intra- and extracellularly. Insofar as AF-1 and
AF-2 derive from cells of the optic nerve and act upon retinal ganglion cells, they are
likely to be important in inducing optic nerve regeneration in vivo.
Portions of this work have been previously published as:
Schwalb JM, Boulis NM, Gu M-F, Winickoff J, Jackson PS, Irwin N, Benowitz LI
(1995). Two factors secreted by the goldfish optic nerve induce retinal
ganglion cells to regenerate axons in culture. J Neurosci 15(8): 5514-5525.
Schwalb JM, Gu M-F, Sturmer C, Bastmeyer M, Hu G-F, Boulis N, Irwin N,
Benowitz LI. Optic nerve glia secrete a low molecular weight factor that
stimulates retinal ganglion cells to regenerate axons in goldfish.
Neuroscience in press.
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aFGF acidic fibroblast growth factor
angio angiotensin I
ANOVA analysis of variance
BDNF brain-derived neurotrophic factor
bFGF basic fibroblast growth factor
BSA bovine serum albumin
C8, C18 length of carbon backbones in reverse-phase HPLC columns
CFDA 5,6-carboxyfluorescein diacetate
CM conditioned medium
CNS central nervous system
CNTF ciliary neuronotrophic factor
Cyto C cytochrome C
Da Daltons
DE-52 diethylaminoethyl cellulose
DRG dorsal root ganglion
E Tissue culture supplements (defined in text)
ECM extracellular matrix
F-12 Tissue culture media (Ham's formulation)
FCS fetal calf serum
GCM glial conditioned media
GDNF glial derived neurotrophic factor
GFAP glial fibrillary acidic protein
HPLC high performance liquid chromatography
kDa kilodaltons
L-15 Tissue culture media (Liebovitz' formulation)
leu leu-enkephalin
met met-enkephalin
MIF macrophage/ microglia- inhibiting factor
N-CAM neuronal cell adhesion molecule
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O.D. optical density (measured spectrophotometncally)
ON optic nerve
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PBS phosphate buffered saline
PC12 rat pheochromocytoma 12 cell line
pl isoelectric point (expressed in units of pH)
PNS peripheral nervous system
RGC retinal ganglion cell
TFA trifluoroacetic acid
U units (of enzyme activity)
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Introduction
A fundamental issue in clinical neuroscience is the fact that whereas neurons in
the mammalian peripheral nervous system retain the ability to re-extend their
axons after injury, those of the central nervous system (CNS) do not. Damaged
fibers in the mammalian spinal cord and optic nerve demonstrate axonal
sprouting 2-3 days after injury, but growth ceases within 10-14 days post lesion
with resorption of these axons (Ramon y Cajal, 1928). This failure of CNS
neurons to regenerate injured axons results in a permanent loss of function
following stroke or trauma, even when the cells remains viable. However, as has
become clear in the past twenty years, this failure is generally not intrinsic to the
neuron, but is dependent on the external milieu, as a result of inhibitory factors
and the absence of stimulatory factors. Under the right conditions, mammalian
neurons can be stimulated to extend axons (Aguayo et al., 1991) and animals
may even regain function (Bregman et al., 1995). In fact, since neurons are able
to form functional connections in development, it should be possible to
recapitulate these developmental steps, once they are properly elucidated.
One way to examine this question is to examine lower vertebrates, which
are able to regenerate pathways of their CNS throughout life (Sperry 1944, 1963;
Gaze, 1970; Sharma et al., 1993), including their optic nerves. In the goldfish
{Carassius auratus), the best examined instance of CNS regeneration in the
lower vertebrate, complete recovery of visual function is effected one to two
months post axotomy, as measured electrophysiological^ (Schmidt and
Edwards, 1983) and behaviorally (Edwards et al., 1981 ; Springer and Agranoff,
1977). This regeneration involves reestablishment of direct point to point
connections between the retinal ganglion cells (RGCs), whose axons make up
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the optic nerve, and the appropriate cells in the optic tectum, the equivalent of
the mammalian superior colliculus (reviewed in Bahr and Bonhoeffer, 1994). The
regeneration of the optic nerve is a particularly attractive system to study for
many reasons: It is possible to deliver drugs specifically to the retinal ganglion
cell somata alone by intraocular injection. Retinal ganglion cells are easily
isolated for histological and electrophysiological examination. Axons can be
separated from the somata anatomically. It is possible to examine the terminal
fields since they are mostly confined to the relatively circumscribed optic tectum.
However, before considering goldfish optic nerve regeneration per se, it is
necessary to enumerate some of the important molecular players.
Neurotrophins
The first of the neurotrophins, the soluble nerve growth factor (NGF), was purified
from mouse submandibular glands in the 1950's in a bioassay based on its ability
to promote survival and outgrowth from sympathetic ganglia (Levi-Montalcini,
1987). All of the activity of NGF resides in the p subunit. Since that time, brain-
derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4/5
(NT4/5) have been purified by sequence homology (reviewed in Lindsay et al.,
1994; Klein et al., 1994; Friedman et al., 1995). NGF, BDNF and NT-3 are
extremely evolutionary conserved, with 90-95% concordance in primary
structure between frogs and mammals (Hallbook et al., 1991). In fact, BDNF
shows 100% concordance between human and salmon. The known
neurotrophins are all basic with pis ~ 10, and the monomeric active subunits all
haveMrs~13kDa.
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Far more neurons are bom in the CNS than are present in the adult
animal. It is thought that part of this natural decrease is due to competition for
limited amounts of specific neurotrophins which vary between neuronal
subpopulations. This may play a role in supporting appropriate connections and
paring down inappropriate ones. All of these molecules have been shown to
promote in vitro survival of different neuronal populations. For example, because
of BDNF's ability to maintain the survival of motor neurons (reviewed in Friedman
et al., 1994), BDNF is undergoing clinical trials for amyotrophic lateral sclerosis at
this time (ALS Association Newsletter: Greater New York Chapter, 1995). NGF,
BDNF and NT-3 are differentially expressed in the developing vertebrate nervous
system. Endogenous mRNA and protein levels of NGF, BDNF, NT-3 and NT-4
are influenced by axotomy (Heumann et al., 1987a, b; Funakoshi et al., 1993),
and levels of NGF and BDNF by neuronal activity (Zafra et al., 1991 ; Castren et
al., 1992; Ghosh et al., 1994). A series of knock-out mice with various
developmental defects have also indicated essential roles for NGF, BDNF and
NT-3.
BDNF, like the other neurotrophins, is generally thought of as target-
derived growth factor, but it may also be present in autocrine or paracrine loops
during development and regeneration. Rat embryonic cortical neurons in pure
cultures display an 80% decrease in cell survival when treated with a blocking
antibody to BDNF (Ghosh et al., 1994), thereby indicating that endogenous
BDNF is playing an important role in these cultures. In addition, mRNA for BDNF
has been identified in the intact ON and eye in rats (Jelsma et al., 1993), as well
as in the superior colliculus (optic tectum), the target tissue of RGCs (Leibrock et
al., 1989).
The receptors for the neurotrophins have also been isolated. The first
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described was the p75 low-affinity nerve growth factor receptor (reviewed in
Chao, 1992) which binds all the known neurotrophins but does not have signal
transduction capabilities. Its role is uncertain, although it may serve to localize
the neurotrophins to their functional receptors, especially NGF for trkA (Davies et
al., 1993). The first functional receptor discovered was trkA (reviewed in
Barbacid, 1994), which was isolated from a human colon carcinoma and serves
as the receptor for NGF. TrkB is the receptor for BDNF, NT-4/5 and, to a lesser
extent, NT-3. TrkC is the principle receptor for NT-3. Signaling occurs via
dimerization and autophosphorylation of tyrosine residues in the cytoplasmic
domains of the receptors. TrkB and trkC also exist in truncated forms that lack
the catalytic domain. The truncated forms exist on neuroglia, unlike the
functional receptors, and may therefore serve to competitively bind the
neurotrophins and prevent wide diffusion. Similar knock-out mice for the
functional trk receptors have shown severe developmental abnormalities that
differ somewhat from the deficits seen in knock-outs of the corresponding
neurotrophins (reviewed in Barbacid, 1994; Klein, 1994)
Considerably less is known about NT-6 (Gotz et al., 1994), except that it is
different from the other neurotrophins in that it is only secreted in the presence of
heparin. mRNA for NT-6 is present in the eye of the adult fish.
Other factors important in axonal regeneration
Other growth factors implicated in neuronal outgrowth are S100p (Kligman and
Marshak, 1985), a factor purified from bovine brain that promotes neuritic
extension from cultured chicken embryo cortical neurons, FK506 (Lyons et al.,
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1994), an immunosuppressant that promotes neurite outgrowth from PC12 cells
and sensory ganglia, the insulin-like growth factors (reviewed in de Pablo and de
la Rosa, 1995), epidermal growth factor (Morrison et al., 1987), the heparin-
binding acidic and basic FGF (a and bFGF; Morrison et al., 1986; Walicke et al.,
1988), neuroleukin (Gurney et al., 1986) and the acidic, 22kDa ciliary
neuronotrophic factor (CNTF; reviewed in Lindsay et al., 1994). Glial derived
neurotrophic factor (GDNF; Lin et al., 1993; Schaar et al., 1993), a member of
the transforming growth factor (TGF)-p superfamily, acts principally upon
dopaminergic neurons (Tomac et al., 1995) and motor neurons (Yan et al., 1995).
Cell adhesion molecules and the extracellularmatrix
In addition to soluble factors, several cell adhesion molecules and components of
the extracellular matrix (ECM) may play a role in neurodevelopment and
regeneration. Cell adhesion molecules include immunoglobulin related
molecules including PO, Thy-1, neuronal cell adhesion molecule (N-CAM), L1 and
myelin-associated glycoprotein (reviewed in Goodman and Shatz, 1993), and the
Ca++-dependent N-cadherin (Bixby and Zhang, 1990). They are thought to
homophilically mediate interactions between neurons and between neurons and
glia. As purified substrates, many of them promote neurite outgrowth (Lagenauer
and Lemmon, 1987; Bixby and Zhang, 1990; Doherty et al., 1995; Schneider-
Schaulies et al., 1990). PO is a major component of vertebrate PNS and fish and
amphibian CNS myelin sheaths, but not of the mammalian CNS (Takei et al.,
1993; Takei and Uyemura, 1993). L1, N-CAM and N-cadherin contain a
homologous domain to the FGF receptor and may act via the FGF receptor
(Williams et al., 1994). Conversely, blocking Thy-1 with monoclonal antibodies
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increase neurite outgrowth from rat RGCs (Leifer et al., 1984).
The ECM is defined as an acellular compartment containing molecules
that are spatially fixed (reviewed in Reichardt and Tomaselli, 1 991 ). Major
constituents include collagens, non-collagenous glycoproteins and
proteoglycans. There is great heterogeneity of these molecules in composition
and distribution, although many of them share certain domains that encourage
adhesion, e.g. the fibronectin type III repeat and an immunoglobulin domain.
There is a great difference in the ECM components in the CNS and PNS. There
is also heterogeneity with in the main group of receptors, the integrins,
heterodimers containing a and p subunits which are transmembrane
glycoproteins that are dynamically regulated in neurons and glia. Ligand binding
is dependent upon divalent cations. The various integrins also differ in function,
e.g., the 8 different pi integrins are known to mediate not only neuronal
attachment but also neurite extension. Often, down-regulation of these receptors
coincides with target innervation by neurites (Cohen et al., 1989). However, they
can be induced in some tissues with the addition of NGF (Rossino et al., 1990).
In addition to the integrins, neuronal gangliosides and sulfatides bind to laminin
(Roberts et al., 1985), a 103 kDa proteoglycan component of the ECM. They
may also modulate integrin function (see Reichardt and Tomaselli, 1991).
Many of the proteoglycans, including laminin, thrombospondin and
tenascin, contain epidermal growth factor (EGF) repeats and the ECM has been
shown to regulate the activities of NT-6, FGF and TGF-p. These molecules have
been shown to directly promote fibroblast and Schwann cell proliferation.
Laminin, fibronectin, several collagens, thrombospondin and tenascin have all
been shown to promote neurite outgrowth, and many may also be important in
axonal guidance. Laminin not only affects the survival of embryonic neurons and
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the responsiveness of neurons to neurotrophic factors (see Reichardt and
Tomaselli, 1991), but has also been shown to induce amphibian retinal pigment
epithelial cells to transdifferentiate into neurons (Reh et al., 1987).
Inhibitorymolecules
In the late 1980's, it became clear that the failure of regeneration in the
mammalian CNS was not just due to a lack of appropriate trophic factors, but that
inhibitory factors that are not expressed until later development also play a role
(reviewed in Schwab et al., 1993). Martin Schwab and HansThoenen (1985)
showed that dissociated rat sensory, sympathetic or retinal neurons extend axons
into explants from the adult sciatic nerve but not the optic nerve in co-culture,
even in the presence of BDNF or NGF. Since this was done in co-culture, one
can not attribute the lack of growth into the CNS explant to the absence of a
soluble trophic factor. This work has been borne out in video time-lapse studies,
where axons are seen to undergo growth cone collapse when they come into
contact with mature oligodendrocytes, but not immature oligodendrocytes or
astrocytes (Schwab and Caroni, 1988; Bandtlow et al., 1990). By separating
myelin proteins from the adult rat spinal cord by SDS-polyacrylamide gel
electrophoresis (PAGE) and reconstituting them in liposomes, it was found that
two protease-sensitive factors of 35 and 250kDa could cause growth cone
collapse (Caroni and Schwab, 1988). These inhibitors, termed NI-35 and NI-250,
are ubiquitous in the mature CNS, but are not seen in the PNS (Caroni and
Schwab, 1988).
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Why don't pathways in the adult mammalian CNS regenerate?
Regeneration is much easier to accomplish in younger animals when there is still
a large degree of plasticity and myelination has not taken place. The molecules
NI-35 and NI-250 are not present in the immature CNS. There may be glial
progenitors that support axonal outgrowth which are not present in the adult
(Wigley and Berry, 1988). When embryonic spinal cord segments are grafted
into resected areas of neonatal rat spinal cord, largely normal connections are
made across the graft which are functionally active (Iwashita et al., 1994).
However, if the graft is placed in an abnormal orientation, there is poor
performance and more disorganized axonal growth, indicating that the graft does
not act as a simple substrate of axonal growth, but also contains important
pathfinding signals.
There is down-regulation of many of the neurotrophins and changes in the
composition of the ECM during the course of development (see above). Laminin
is downregulated in later development after the majority of axonal outgrowth has
take place. However, levels remain high in the PNS (Chiu et al., 1986) and in the
goldfish optic nerve (Hopkins et al., 1985; Battisti et al., 1992), tissues that are
permissive for neurite regeneration. Laminin is upregulated in the goldfish during
regeneration (Hopkins et al., 1985; Battisti et al., 1992), but there is not a similar
response in the optic nerves of higher vertebrates (Liesi, 1985).
Glial scars (reviewed in Schwab et al., 1993), consisting mostly of reactive
astrocytes as a result of lesions to the CNS, present a barrier to growing neurites
(Reier et al., 1993). Activated microglia, which are present in glial scars, secrete
a small, stable neurotoxin that acts via the NMDA channel (Giulian, 1993; Giulian
et al., 1993). However, glial scars may not present a physical barrier, since frog
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retinal axons and embryonic DRG neurons regenerate through them in vitro
(Fawcett et al., 1989; Reier et al., 1983; David et al.,1990). In addition, astroglia
in vitro secrete a>10kDa protein which supports neuronal survival (Giulian, 1993;
Giulian etal., 1993).
Lack of regeneration in the mature mammalian CNS is not only dependent
upon the external environment. There may be intrinsic differences in the
neurons. Neonatal rat RGCs show different requirements for survival (Raju and
Bennet, 1986; Armson et al., 1987). Embryonic rat DRG neurons are able to
extend axons along uninjured sciatic nerve, whereas adult DRG neurons can not
(Bedietal., 1992)
Experimental stimulation of regeneration in the mammalian CNS
In the mammalian retina, BDNF has been shown to promote retinal
ganglion cell survival in vitro (Johnson et al., 1986; Thanos et al., 1989).
Intraocular injections of BDNF decrease the cell death of RGCs that takes place
after optic nerve injury (Mey and Thanos, 1993; Mansour-Robaey et al., 1994;
Berkelaar et al., 1994), and trkB is abundant in retinal ganglion cells (Jelsma et
al., 1993).
FGFs (Sievers et al., 1987) and NGF (Carmignoto et al., 1989) have been
reported to support RGC survival in the rat. However, they were shown to have
no effect on neurite extension from mature RGCs in vitro (Mey and Thanos,
1993). Also the high doses of NGF used may have activated receptors for other
neurotrophins, such as BDNF. Single intraocular injections of CNTF delay
axotomy-induced cell death of rat RGCs (Mey and Thanos, 1993). CNTF may
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also play a role in embryonic retinal development (Lehwalder et al., 1989).
A small number of rat or hamster RGCs will extend axons into PNS grafts
over long distances (Bray et al., 1987), due to the lack of inhibitory molecules
(Schwab and Thoenen, 1985), and possibly the presence of stimulatory
molecules on Schwann cells that act independently of extracellular matrix
(Kleitman et al., 1988; but also see Ford-Holevinski et al., 1986). When the axons
leave the graft and enter the superior colliculus (reviewed in Aguayo et al. , 1 991 ),
they form functional connections with the cells of the superior colliculus for
several months after grafting, as shown electrophysiologically when shining light
on the retina (Keirstead et al., 1989; Sauve et al., 1995), and behaviorally, by
testing the pupillary constrictor reflex (Thanos, 1992), even though they do not
grow more than 1mm into the deeper layers. PNS grafts also temporarily secrete
factors that support mammalian RGC survival independently of BDNF (Aguayo et
al., 1991 ; Mansour-Robaey et al., 1994). However, only a small proportion of the
RGCs that survive will send neurites through the graft. The number of axons in
the graft is not increased when RGC viability is maintained by intraocular
injections of BDNF. However, by inhibiting microglial destruction of axotomized
RGCs with intraocular injection of the immunoglobulin G-derived peptide
macrophage/ microglia- inhibiting factor (MIF, Thr-Lys-Pro), there is not only an
increase in cell survival, but also enhanced regeneration through PNS grafts
(Thanos et al., 1993). Continued cell survival of certain RGC subtypes is
dependent upon target innervation (Aguayo et al., 1991 ; Thanos and Mey, 1995).
Moreover, it is only necessary for a few RGCs to regenerate to gain
functional sight. Only 28% of Xenopus axons regrow after crush, although they
retain almost normal receptive fields (Stelzner and Strauss, 1986). The pupillary
constriction response is restored in rats when only 8.3% of the RGCs project into
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the pretectum through a PNS graft (Thanos, 1992).
One of the great advances in the field of neurite regeneration in the
mammalian CNS has been the development of a monoclonal blocking antibody
IN-1 to NI-35 and NI-250 (Schnell and Schwab, 1990). IN-1 enhances
regeneration of the lesioned septohippocampal tract (Cadelli and Schwab, 1991).
The corticospinal tract of the rat regenerates an average of 5mm after cord
transection with the addition of IN-1
,
as opposed to 1mm in control. Some fibers
are as long as 20mm. When IN-1 secreting hybridomas are placed in the parietal
cortex at the same time as mid-thoracic spinal cord hemisection, the corticospinal
tract and serotinergic and noradrenergic projections partially regenerate caudal
to the lesion, as far as the low lumbar area (Bregman et al., 1995). In addition,
even though these axons took aberrant anatomical pathways, there was partial
functional recovery of some reflexes that are dependent upon an intact
corticospinal tract.
Events in retinal regeneration in the goldfish
In the normal goldfish retina, new retinal ganglion cells are constantly being
added in the peripheral proliferative zone as the animal ages and grows (Johns
and Easter, 1977). These neurons contain different intermediate filaments from
more central RGCs (Glasgow et al., 1992, 1994) and express N-CAM along their
lengths (Bastmeyer et al., 1990). More central regions contain mature,
myelinated axons (Battisti et al., 1992). In addition, optic nerve glia do not
express glial fibrillary acidic protein (GFAP), but a more embryonic keratin K8
intermediate filament (Giordano et al., 1989), although there are GFAP positive
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cells in glial cultures from the goldfish optic nerve (Bastmeyer et al., 1993). In
addition, goldfish oligodendrocytes express E 587, a homologue of L1, in vitro
(Bastmeyer et al.,1993). There may also be a difference in dependence upon
target-derived trophic factors from adult mammalian RGCs, as evidenced by the
fact that there is no difference in cell survival when the tectum is removed
(Grafstein, 1986).
Upon axotomy, retinal ganglion cells become large and hyperchromic
(reviewed in Grafstein, 1986). Chromatolysis, a sign of cellular injury, is not
seen. There is an increase in cell diameter and nucleolar number and size
(Murray and Grafstein, 1969). Maintaining this increase in nucleolar size may be
dependent upon endogenous NGF (Turner et al., 1981), or related neurotrophins
that are recognized by antibodies against NGF. During the first week of
regeneration, there are increased levels of rRNA, free ribosomes, a doubling of
the size of the smooth endoplasmic reticulum and increased Golgi size. Axons
do not start to elongate until 4-5 days have passed, and then grow at a rate of
0.2-0.4 mm at 20C. There is a larger number of axons than in the normal,
uninjured fish (Stuermer and Easter, 1984). At about 10 days, dense-cored
vesicles, neurofilament bundles and microtubules are seen. Axons begin to enter
the contralateral tectum at 12-18 days after the optic nerve has been crushed or
10-14 days after it has been cut. The regenerative process follows a longer time
course in other pathways, such as the retino-diencephalic projections (Murray,
1977). If the temperature is raised to 30C, the regenerative rate nearly doubles.
Most of the axons are still unmyelinated even at 5 months.
At the molecular level, there is a marked upregulation in the expression of
certain cytoskeletal components, including tubulin, a 70 kDa protein that
resembles a mammalian subunit of neurofilament, plasticin and gefiltin (Burrell et
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al., 1979; Heacock & Agranoff , 1982; Giulian et al., 1980; Quitschke & Schechter,
1983; Glasgow et al., 1992, 1994), cell adhesion molecules, including N-CAM,
neurolin, chondroitin sulphate proteoglycan and E 587 antigen, a molecule
related to L1 (Vlelmetter et al., 1991 ; Bastmeyer et al., 1990; Paschke et al.,
1992; Blaugrund et al., 1990; Battisti et al., 1992), and proteins associated with
the growth cone, particularly GAP-43 (Benowitz et al., 1981 ; Benowitz and Lewis,
1983; Heacock & Agranoff, 1982; Perrone-Bizzozero et al., 1987; Perry et al.,
1987; LaBate & Skene, 1989; Wilmot et al., 1993). Some of the same molecular
changes occur during optic nerve development and regeneration in other species
(Skene & Willard, 1981a, b; Moya et al., 1988; Doster et al., 1991). There are
also increases in the activity of enzymes involved in the metabolism of RNA
precursors (Burrell et al., 1978) and polyamines (Kohsaka et al., 1981), as well
as in the rates of fast and slow axonal transport (Grafstein and Murray, 1969;
McQuarrie and Grafstein, 1982). This process results in 95% of the RGCs
surviving axotomy and forming functional connections with the tectum and other
target areas (Meyer et al., 1985), as opposed to the 10-20% survival of rat RGCs
two weeks after axotomy (Mansour-Robaey, 1994).
In addition to the changes in retinal ganglion cells, the glial environment
undergoes changes as well, which may be important in effecting regeneration.
Cellular proliferation of oligodendrocytes takes place, possibly as a result of 6
and 15kDa factors secreted by the regenerating RGCs (Giulian et al., 1986;
Giulian and Young, 1986). Protein synthesis is increased (Maxwell and Elam,
1980), specifically, levels of plasminogen activator (Salles et al., 1990), the serine
protease that may be involved in degradation of extracellular matrix during
axonal extension, laminin (Hopkins et al., 1985; Battisti et al., 1992), and
unidentified trophic factors (Mizrachi et al., 1986). Another reason for successful
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regeneration in the goldfish may be a decreased amount or absence of NI-35
and NI-250 in the goldfish optic nerve (Bastmeyer et al., 1991, 1993; Wanner et
al., 1995). Both goldfish RGCs and rat dorsal root ganglion (DRG) neurons grow
well on goldfish optic nerve myelin or in the presence of liposomes with proteins
extracted from fish CNS myelin, without improvement with the addition of IN-1.
In addition, proteins of 35 and 250kDa are not seen by SDS-PAGE of proteins
from goldfish optic nerve myelin preparations (C. Bandtlow, unpublished data
cited in Wanner et al., 1995). However, both the goldfish RGCs and rat DRG
neurons do not grow on rat CNS myelin and show growth cone collapse when
exposed to liposomes containing proteins from bovine CNS myelin. This
inhibition can be counteracted by IN-1, indicating that fish axons are sensitive to
NI-35 and NI-250. However, there may be a protein unrecognized by IN-1 in fish
myelin that causes a small amount of growth cone collapse in goldfish axons
(Wanner et al., 1995). Xenopus optic nerve oligodendrocytes also display a lack
of NI-35/250, although their spinal cord myelin exibits considerable neurite
inhibition that is neutralized by IN-1 (Lang et al., 1995), correlating with the in
vivo regeneration of the Xenopus optic nerve (Gaze, 1 970) and the lack of
regeneration in the Xenopus spinal cord (Beattie et al., 1990).
In vivo experiments manipulating goldfish optic nerve regeneration
Regeneration of the goldfish optic nerve has been manipulated experimentally in
an effort to elucidate the underlying processes. A mixture of bovine brain
gangliosides decreased the recovery time of the startle reaction, which correlates
with the velocity of axonal extension, when injected into the goldfish eye or
applied to the lesion site in low doses (Grafstein et al., 1983). However, there
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was no diffference from control when applied at high doses. Conversely,
antibodies to GM1 ganglioside were effective in inhibiting axonal outgrowth from
goldfish RGCs in vivo and in vitro (Sparrow et al., 1984; Spirman et al., 1982,
1984)
When the calcium ionophore A-23187 is injected intraocularly there is an
increased regenerative rate, as measured by a significant decrease in the
recovery time of the startle reaction (Grafstein et al., 1983).
Intraorbital injection of NGF enhances axonal outgrowth in vivo and
decreases the recovery time for the startle reflex, when given within 12 hours of a
crush lesion of the goldfish optic nerve (Yip and Grafstein, 1982; Grafstein et al.,
1983). Direct application of NGF to the lesion site is also effective. This
acceleration of regeneration is not dependent upon a higher synthesis rate of
protein or RNA than is seen during unmanipulated regeneration.
The priming phenomenon
In vivo, the rate of regeneration in response to an optic nerve lesion is
accelerated with a previous conditioning lesion (McQuarrie and Grafstein, 1973,
1981), decreasing the delay before axonal sprouting and increasing the velocity
of axonal elongation. A concomitant increase in the levels of the intermediate
filaments ON1 and ON2 is seen (Hall et al., 1990). The optimum interval
between lesions is 14 days (Edwards et al., 1981). However, these axonal
sprouts have a different morphology from those elaborated after a single lesion,
and the establishment of functional synapses in the tectum may not be
accelerated (Grafstein, 1986). Similarly, these animals do not show a faster
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recovery of more complex vision-related behavior than the startle reflex (Edwards
etal., 1981).
In vitro experiments manipulating goldfish optic nerve regeneration
Because of this data, priming lesions were attempted to stimulate the otherwise
poor neurite extention of retinal ganglion cells in vitro (Agranoff et al., 1976;
Landreth and Agranoff, 1979). The priming effect was also seen to take place in
dissociated cell culture with considerably more outgrowth in the primed retinas,
although their long-term survival in vitro was less than dissociated RGCs from
naive retinas (Schwartz and Agranoff, 1981). A number of molecules have been
tested in this system as a way of suggesting their significance in vivo: Laminin
increased outgrowth from primed explants (Hopkins et al., 1985), as did taurine
(Limaet al., 1989) and ependymin (Schmidt et al., 1991). Outgrowth was seen
with an extract from the optic tectum at concentrations of 150 ug/m\ (Johnson
and Turner, 1982). Primed explants grown in Liebovitz L-15 medium showed
increased neurite outgrowth with fetal calf serum, methylcellulose or a cytosolic
extract from the optic tectum (Johnson and Turner, 1982) Dissociated cells
required L-15, methylcellulose and FCS to survive and extend neurites. NGF
enhanced axonal outgrowth from primed explants in vitro , but not from explants
derived from fish that had not undergone a priming lesion (Turner et al., 1981).
However, neurite extension was seen from naive cells if NGF was added during
the second culture week. Outgrowth was also inhibited by a blocking antibody to
NGF in primed retinas, but only at high concentrations that may have cross-
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reacted with other neurotrophins (1 :100).
Statement of Purpose
The question remains as to what is happening during the priming lesion. The
fact that the RGCs will not grow in culture unless primed implies that the factors
required to initiate regeneration derive from a source that is absent from the
explant cultures, e.g., optic nerve glia, the circulatory system, or other brain
tissue (Johnson and Turner, 1982). The factors that show effects in previous
experiments modulate neurite outgrowth from goldfish RGCs, but are incapable
of initiating such outgrowth. Therefore, to investigate the endogenous factors
that induce optic nerve regeneration, the Benowitz lab developed dissociated
retinal cultures enriched in ganglion cells that had not been primed to regenerate
in vivo. Cultures were grown at low cell densities and maintained in serum-free,
defined media in order to minimize indirect effects mediated through other cell
types and to enable us to quantify neurite outgrowth objectively. Our results
show that retinal ganglion cells extend axons in response to either of two factors
secreted by optic nerve glial cells, whose activity is not mimicked by a host of
identified factors.
Methods
Conditioned Media. Conditioned medium was obtained using a previously
developed protocol (Caday et al., 1989). Comet goldfish (3-4" in length
Carassius Auratus, Mt. Parnell Fisheries, Ft. Loudon, PA) were anesthetized by
chilling to 4C and sacrificed by cervical transection. Optic nerves (ONs) and
tracts were dissected free from the eyes and optic tectum under 2X
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magnification, then separated from the remaining bone and connective tissue
under 12X magnification using a table-top dissecting microscope (Wild-
Heerbrugg). Following established procedures (Schwartz et al., 1985;
Finklestein et al., 1987) with slight modifications, we cut 6 ONs into 1-2 mm
segments, incubated them in 3 ml HEPES-buffered Liebovitz L-15 medium
(Gibco/BRL, Gaithersburg, MD ) for 3-4 hr at 37C in a 5% CO2 environment,
and filter-sterilized the optic nerve conditioned media (ONCM) with a 0.2 fjm low
protein-binding syringe filter (Acrodisc, Gelman Sciences, Ann Arbor, Ml). ONCM
was either aliquoted and stored at -80C immediately or stored at 4C for 1-5
days before being fractionated or used in bioassays. Protein determinations
(Bradford method, BSA standard; BioRad, Richmond, CA) indicate that ONCM
typically has a protein concentration of c. 100 /jg/ml.
To investigate whether the expression of trophic factors changes after optic nerve
injury, goldfish were anaesthetized in 0.5-1 mg/ml 3-aminobenzoic acid ethylester
(Sigma Chemical Co., St. Louis, MO) and placed in a Plexiglass holder which
fixed the position of the head and allowed a constant flow of aerated tank water
to flow through the mouth and gills. To expose the optic nerves, two incisions
were made 3 mm apart in the superior rim of the orbit, the bone flap was
retracted
,
orbital soft tissue and adventitia was dissected away, and the optic
nerves were crushed bilaterally 1-2 mm behind the eyes using curved 4"
jeweler's forceps. Animals were eliminated if the nerve was transected or if there
was significant bleeding.
Dissociated retinal cultures. The principal protocol was developed by Jonathan
Winickoff and Paul Jackson, under the supervision of Nina Irwin, based upon
previous work on fish retinal cultures (Landreth & Agranoff, 1976, 1979; Schwartz
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& Agranoff, 1981 ; Turner etal., 1982; Dowling et al., 1985). This protocol was
optimized and given statistical rigor by Nicholas Boulis. Goldfish were dark-
adapted for at least 30 min, the animals were sacrificed, and the eyes were
removed and rinsed in sterile L-15, 70% EtOH, and L-15 in quick succession.
The lens, cornea, and iris were removed using iris scissors and, under 25X
magnification, the retina was teased from the sclera and pigment epithelium. The
remainder of the culture preparation was carried out within a laminar flow hood.
Four retinas were incubated in 5 ml of sterile digestion solution [100 units of
papain (Worthington) plus 2.5 mg L-cysteine (Sigma) in HEPES buffered L-15,
pH 7.4, filter-sterilized] for 45 min at room temperature. We then replaced the
digestion solution with 5 ml sterile L-15 , and triturated the tissue 5 times gently
with a Pasteur pipette (bore size c. 1 .2 mm) to break the retina into small pieces.
The solution was again replaced with 5 ml sterile L-15 and triturated vigorously 5
times to separate retinas into fine fragments and remove photoreceptor cells.
This procedure was repeated in fresh L-15 five more times, holding the pipette tip
against the bottom of the tube. This resulted in a single cell suspension enriched
in ganglion cells.
Twenty-four well tissue culture dishes (Costar, Cambridge, MA) were coated with
poly-L-lysine (MW>300,000, Sigma). To each well were added, in reverse
sequence, 50 u\ of retinal cell suspension, the experimental or control sample
(brought up to 150/yl with L-15), and 200 u\ of 2x Medium E, a serum-free,
defined culture supplement developed by combining elements of several
published protocols (Bottenstein, 1983; Dichter, 1978; Walicke et al., 1986;
Aizenman & deVellis, 1987). Medium E contains 20nM hydrocortisone, 1mM
kainurinate, 100pM putresceine, 20nM progesterone, 30nM selenium, 0.3 nM 3,
3'5-triiodo-L-thyronine, 50 ug/m\ holo-transferrin, 150 U/ml catalase, 60 U/ml
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superoxide dismutase, 1% bovine serum albumin (Type V, with free fatty acids),
10^g/ml gentamycin, 5ug/m\ insulin, and 15mM HEPES (all reagents from
Sigma), titrated to pH 7.4 and filter-sterilized. To facilitate preparation and help
ensure reproducibility, we prepared the first 6 constituents together at a 25X
concentration and stored this at -20C in 0.5 ml aliquots. Experiments were
generally carried out in a blinded, randomized fashion so that the investigator
was unaware of the experimental samples present in each well. Every
experiment included at least 4 wells of a positive control sample (previously
validated ONCM at a 10-15% concentration), at least 4 wells of a negative
control sample (L-15 and Medium E alone), and 3-8 wells of each experimental
sample. Plates were incubated for 5-6 days in a dark humidified tank at room
temperature before being evaluated. Most experiments were repeated with
material from 2-5 separate preparations.
For the priming experiments, goldfish optic nerves were crushed intraorbitally as
described above. Retinas were then isolated 7-10 days later as described
above.
Identification of retinal ganglion cells. On fish anesthetized with 0.5 mg/ml 3-
aminobenzoic acid ethylester, I made a series of scalpel incisions above the optic
tectum, retracted the bone flap, and placed several crystals of the lipophilic dye,
4-(4-didecylaminostyryl)-N-methylpyridinium iodide (4-Di-10-ASP; Molecular
Probes, Inc., Portland, OR; Mey and Thanos, 1993) directly on the optic tecta.
The bone flap was replaced and sealed with Aron Alpha (Ted Pella, Inc.). Fish
were allowed to survive for 5-9 days to allow the dye to be transported back to
the ganglion cells. I then sacrificed the animals (after chilling to 4C), dissected
the retinas, dissociated the cells, and cultured these in the presence of either
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10% ONCM or control media. After 6 days in culture, neurite outgrowth was
quantified in 4-DMO-ASP labeled cells using fluorescent microscopy. In addition
to providing data about neurite outgrowth from ganglion cells per se, these
studies allowed us to define criteria for identifying RGCs in the standard
heterogeneous cultures used in the rest of the study.
Neurite outgrowth assay: standard heterogeneous cultures. After 6 days in
culture, the medium was removed and cells were incubated with 0.1 mg/ml 5,6-
carboxyfluorescein diacetate (CFDA, Sigma) in phosphate-buffered saline (PBS)
for 10 min. CFDA is taken up and metabolized by living cells to yield a
fluorescent product that is distributed throughout the entire cell, enabling us to
assess cell viability and neurite outgrowth simultaneously. After replacing CFDA
with PBS, we examined the cultures at 200x magnification under fluorescent
illumination (Nikon AF-BS inverted microscope, green barrier filter), recording the
number of viable cells in a strip one well radius long (16 consecutive fields
starting at the top of the well) along with the neurite outgrowth in cells that
matched the morphological criteria for retinal ganglion cells (as established in the
retrograde labeling experiments). Following the initial characterization of the
system, data bins were collapsed to give a single measure of neurite outgrowth,
([number of cells with neurites > 5 cell diameters] -f [total number of viable cells])
x 100. Data are presented as the mean standard error of 3-8 replicates.
Where appropriate, data have been normalized by subtracting the growth in the
negative controls and dividing by the net growth in the positive controls.
Comparisons between conditions are based upon 2-tailed t-tests, F-tests and
ANOVA.
Source of trophic factors. We examined whether the active factors were specific
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to the optic nerve by comparing standard ONCM with media containing factors
secreted by other goldfish tissues. The optic nerves required to prepare 3 ml of
ONCM were weighed prior to mincing. Nicholas Boulis used equal masses of
tissue from goldfish liver, gill, and skeletal muscle were used to prepare other
conditioned media. To evaluate other brain tissue, I prepared conditioned media
from six goldfish optic tecta; bioassays were carried out matching the protein
concentration of optic tectum conditioned media to that of standard optic nerve
conditioned media.
Production of neurotrophic factors by other teleosts. To evaluate whether these
molecules were produced by other, larger teleosts that might serve as abundant
sources of these factors, we dissected out the optic nerves and tracts from
Atlantic Cod {Gadus Morhua, Ideal Seafood, Boston, MA) using rongeurs,
scissors and jewelers forceps. These fish had been dead one or two days. The
nerves and tracts of 7 fish were homogenized in 15 ml of 50 mM HEPES, pH 7.4
in L-15. Cell fragments were spun down at 15,000 X g for 10 minutes and the
supernatant was removed (Cod Cyto). Similarly, CM was isolated from Koi (2' in
length Cyprinus Carpio) as follows: the fish were anesthetized by chilling to 4C
and sacrificed by cervical transection. Optic nerves and tracts were dissected
free from the eyes and optic tectum, then separated from the remaining bone and
connective tissue under 12X magnification using a table-top dissecting
microscope (Wild-Heerbrugg). ONs and tracts of two fish were incubated in 3 ml
each of 50 mM HEPES in L-15 for 3 hours at 37C, and then filtered with an
Acrodisc (Gelman Sciences). Cod Cyto and Koi CM were matched for protein
concentration to whole ONCM using the Bradford method (BioRad).
Preparation of goldfish glial conditioned medium. Fish glial cells were obtained
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from the regenerating goldfish optic nerve/tract in the laboratory of Claudia
Sturmer at the University of Konstanz, Germany as previously described
(Bastmeyer et al., 1991) with the following modifications. In brief, small pieces of
the optic nerveAract (2-3 weeks after optic nerve section) were explanted onto
polylysine/laminin coated 35 mm culture dishes and kept in F-12 medium [Ham's
F-12 medium (Gibco/BRL, Gaithersburg, MD)] containing 10% fetal calf serum
(FCS), 0.4% methylcellulose (Dow), and 50 pg/ml gentamycin at room
temperature in a humidified chamber. Glial cells emigrate from the explants,
multiply in culture, and form dense cell clusters by 2-3 weeks in vitro. The
medium was exchanged at 3 day intervals and the cells survived for at least 3-4
months. To obtain glial conditioned medium (GCM), the cells were washed twice
and then incubated overnight in F-12 without FCS. The conditioned medium was
then aspirated off and filered through an Acrodisc (Gelman Sciences) to remove
any cells. GCM was then shipped from Konstanz to Boston. Protein
determinations (Bradford method, BSA standard; BioRad) indicate that glial CM
typically has a protein concentration of c. 225 /vg/ml.
Size fractionation. At various stages of the study, ONCM was passed through a
6kDa desalting column (BioRad) or separated by centrifugal ultrafiltration using
filters with molecular weight cut-offs of 1kDa (Filtron, Northborough, MA), 3, 10,
or 100kDa (Amicon, Beverly, MA). ON cytosol, GCM, Koi CM and Cod Cyto
were similarly separated by centrifugal ultrafiltration using a filter with a 3 kDa
cut-off (Amicon). After establishing the general size ranges of the active factors,
material with a molecular weight >3kDa was concentrated 10- to 100-fold using a
Centriprep-3 filter (Amicon) and separated by high performance liquid
chromatography (HPLC, Beckman Instruments) using a Biosep Sec-S3000 N-
capped bonded silica column (Phenomenex, Torrance, CA). Low molecular
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weight material (<1kDa) was concentrated 10-15X by lyophilization and
separated on a Biosep Sec S2000 column (Phenomenex) using 20% methanol in
water as a buffer. The elution profiles of both were monitored
spectrophotometrically (at 280 or 210 nm). Column fractions (1 ml each) were
screened in the bioassay irrespective of whether absorption peaks were seen.
Reversed-phase HPLC. After having undergone ultrafiltration using molecular
weight cut-off filters of 3 kDa (Amicon) and then, in some cases, 1 kDa (Filtron),
ONCM and GCM ultrafiltrates were concentrated 10-20X by lyophilization and
then fractionated by reversed-phase HPLC on a C-is column (Synchropak RP-P,
Synchrom, Inc.) by Miao-fen Gu and Guo-fu Hu. Elution was achieved with a 40
minute non-linear gradient from 100% Solvent A to 100% Solvent B at a constant
flow rate of 1 ml/min according to the following equation: %B = 1 00%B(t/40)3,
where t is the elapsed time from injection, and %B is the percentage of solvent B
at a given elapsed time t. Solvent A was 0.1% trifluoroacetic acid (TFA), and
Solvent B was 3:2:2 (by volume) isopropanol/ acetonitrile/ water containing
0.08% TFA. Miao-fen Gu collected and lyophilized 1 ml fractions, redissolved
them in 0.1 - 1 ml PBS, and tested them in the bioassay at 10
- 25%
concentrations, based upon the original sample volume. Fractions found to
contain biological activity were subjected to gel filtration HPLC on a Biosep Sec
S2000 column (Phenomenex) by either Dr. Gu or myself, as described above.
Elution profiles from both the reversed-phase and gel-filtration columns were
monitored spectrophotometrically at 210 nm. Initial experiments collected
fractions at 1 ml intervals, whereas later ones collected discrete peaks or
selected regions of peaks as visualized on the elution profile. Column fractions
were lyophilized, resuspended in PBS, and bioassayed.
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Determination of active secretion of factors. To investigate whether the trophic
factors are actively secreted or simply released from cells of the optic nerve
damaged in the dissection, the activity of the high- and low- molecular weight
fractions of ONCM and optic nerve cytosol were compared. Cytosol was
prepared by homogenizing 10 optic nerves in 25mM HEPES, pH 7.4 and
centrifuging at 15,000 x g for 10 min. The soluble fraction was matched for
protein concentration to whole ONCM using the Bradford method (BioRad).
Heat and protease treatment. Stability was evaluated by heating samples at
95C for 15 min. Sensitivity to proteases was determined by adding trypsin
(Sigma) to a concentration of 1mg/ml and then soybean trypsin inhibitor at 1.25
mg/ml, either together with the trypsin or after a 1 or 2 hr delay. The low
molecular weight fraction of ONCM (<3kDa) was exposed to two different
samples of proteinase K (Boehringer Mannheim or Calbiochem: 50ug/m\, 56C,
1h). Following incubation, low molecular weight factors were separated from the
active proteases with a Centriprep-3 filter. Controls included heating samples
without enzymes and incubating the enzyme by itself at 56 for 1h, filtering, then
adding the filtrate to the <3kDa fraction to verify that proteases were not
generating autolytic fragments that affect cell growth.
Anion exchange chromatography. Nicholas Boulis and I carried out anion-
exchange chromatography on diethylaminoethyl cellulose columns (DE-52,
Whatman, Hillsboro, OR) at pH 8.4. I also carried out anion-exchange
chromatography equilibrated to pH 9.9. DE-52 beads were pre-equilibrated with
25 mM HEPES at the appropriate pH and added to the high molecular weight
fraction of ONCM at a ratio of 0.5 ml hydrated beads: 10 ml desalted ONCM
After an overnight incubation (4C), the mixture was transferred to 5 mm ID.
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Econo-columns (BioRad) and the bound proteins were eluted stepwise with 0.1,
0.2, 0.5, and 1.0 M NaCI in 25 mM HEPES (3 ml/step).
Role of known trophic factors in goldfish retinal cultures. To evaluate the effects
of molecules previously found to affect growth in retinal explant cultures, I tested
NGF (p-subunit, 1-100 nM: Collaborative Research, Bedford, MA), BDNF, NT-3,
NT-4/5, CNTF (previous four factors all from Regeneron, Tarrytown, NY, tested at
1-100 ng/ml), aFGF (R&D Systems, Minneapolis, MN.1-100 ng/ml) and bFGF
(gift of Dr. Patricia D'Amore, 1-100 ng/ml) in the bioassay.
In addition to testing recombinant human BDNF in the culture system, a blocking
antibody to BDNF was tested (a-BDNF: gift of Josette Carnahan, Amgen,
Thousand Oaks, CA) to examine the possible role of endogenous BDNF in the
culture system. a-BDNF was tested at 1 :200, 1 :500 and 1 :1000 titers either
alone or in combination with BDNF. Since this antibody was raised in turkeys,
turkey serum (Sigma) was used as a negative control at 1 :200.
Amino acid analysis and mass spectroscopy (MALDI) were carried out at the
Harvard Microchemistry Facility, under the direction of William Lane, PhD.
Experiments were carried out in accordance with protocols approved by
Children's Hospital's Institutional Animal Use and Care Committee and the NIH
Guide. The number of animals used was determined by the minimum required to
obtain the tissues for cell cultures and for isolating sufficient quantities of the
biologically active factors for reliable characterization.
Results
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Dissociated retinal cells respond to factors derived from the optic nerve. Six
days after plating the dissociated retina in the presence of L-15 and medium E
Figure 1 . Response of
dissociated retinal cells to
factors secreted by the optic
nerve. (Top) Under baseline
conditions, cells in culture
remain viable for at least 6 days
but show little outgrowth, as
demonstrated using the vital dye
5,6-CFDA. (Bottom) With the
addition of CM containing
factors secreted by the optic
nerve, cells 10-17/;m across
extend one or two long
processes of a uniformly thin
caliber (open arrows), which
sometime terminate in a
prominent growth cone (closed
arrow). Larger, polygonal cells
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Rgure 2. Quantitation of neurite
outgrowth, (a) Histograms of axon
length distribution after 6 days in culture.
Although outgrowth of short processes
occurs spontaneously even under
control conditions, increasing
concentrations of ONCM markedly
increase the number of cells extending
processes > 5 cell dia. in length (dark
shading). Values represent averages of
4 wells for each ONCM concentration
standard error, (b) Overall neurite
outgrowth in response to increasing
concentrations of ONCM: dose-
response curves for 2 independent
experiments. Data represent the
percentage of cells with processes > 5
cell dia. in length, a cut-off point
selected based upon the histogram data
in (a). Maximal response is attained in
response to ONCM at a 10-15%
concentration (corresponding to a total
protein concentration of c. 1(ty/g/ml).
Error bars are not shown if less than
1%. Inset, cell survival as a function ol
ONCM concentration in two independent
experiments (5,6-CFDA labeled cells in
14 consecutive microscope fields
averaged for 4 wells and normalized by
L-15 control values).
alone, ^elis rji vned vi' l.e but showed little neurite outgrowth, as demonstrated
using th? ''itr r'<j* ->,o-( r-r>A, Vioure 1, top). Four percent of cells had neurites
between 1-5 cell >'iameter.. in length and fewer than 1% had processes longer
than *'v (Fig. 2a'\ Counting a stri,j ti trough 1 well radius allowed a sampling of
200 300 ceilsAA'sIL o respoiiuitig o a density of about 70 cells/mm2. Addition of
medh containing >ciorj <-j^roter : by the optic nerve induced cells to extend long
processes (Fig. 1 . botoom). With ONCM present at a 5% concentration, 7% of
cells had neurites 5-10 cell dia. in length and 2% had even longer processes.
With higher concentrations of ONCM (15%), there were few cells left with axons
in the 1-5 cell dia. range, while 7% had axons >10 cell dia. On the basis of these
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axon length histograms, we subsequently report outgrowth as the percentage of
cells with axons > 5 cell diameters, a cut-off point which discriminates responsive
and non-responsive groups well. Figure 2b shows the dose-response curves of
two experiments using different preparations of ONCM and retinas. In both, the
number of cells with axons > 5 cell diameters in length increases continuously for
ONCM concentrations up to 10%, then levels off (outgrowth in response to 5%
ONCM vs. L-15 + Medium E alone, p<0.001 in each experiment; growth with
10% ONCM vs. 5% ONCM, p<0.02 for both; error bars not shown if less than
1%). The difference in the number of cells showing outgrowth in the two
experiments may reflect differences in the percentage of RGCs present in the
two preparations.
The inset demonstrates that ONCM has little effect on cell viability. In both
studies, the number of viable cells in 16 consecutive microscope fields (i.e., 1
well radius; 4 wells for each condition), normalized by the number of viable cells
in the negative control (to account for differences in plating densities in the two
experiments) showed little change with increasing ONCM concentration.
Although viability appeared to be elevated in response to 15% ONCM in one
experiment, this failed to achieve statistical significance (15% ONCM vs. L-15, p
= 0.21) and was not seen in the second study.
Identification of retinal ganglion cells. Retinal ganglion cells were identified by
applying the lipophilic dye 4-Di-10-ASP to a small region of the optic tectum and
allowing the dye to diffuse along the optic nerve for 5-9 days before plating cells.
After 6 days in culture, 4-5% of the cells were labeled. Labeled cells were
ellipsoid and measured 8-1 0 x 1 6-1 8 pm, similar to the dimensions of RGCs
reported previously (Schwartz & Agranoff, 1981). Identified RGCs showed little
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Figure 3. Neurite outgrowth from
retinal ganglion cells. The
lipophilic dye 4-Di-10-ASP was
applied to the optic tectum 7 days
prior to dissociating and culturing
retinas. After 6 days in culture,
retrogradely labeled ganglion cells
extended one (top) or two
(bottom) processes (arrows) in the
presence of ONCM. Asterisks
indicate somata.
sponiarieoujrok'itgrowth in. the presence of L-15 and Medium E alone (Figure 4a),
but shewed, .nee fctari twice the lovel of neurite outgrowth observed in the overall
cell pupuia+ion in response to '0% ONCM (Fig. 4a; outgrowth in RGCs vs. total
cells, p<0.005). RGCs generally extended one or two long, thin processes
(Figure 3). ONCM had no effect on the viability of retrogradely labeled cells (Fig.
4b). Thus, the effect of ONCM on RGCs is not a consequence of enhancing the
survival of this cell type. Since we know from retrograde labeling that
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Kj Retinal ganglion cells
E3 Total cells T
L-15 ONCM,10%
Figure 4. Retinal ganglion cells are stimulated
selectively by factors secreted from the optic
nerve, (a) Under control conditions (L-15 +
Medium E alone), retrogradely labeled RGCs
showed little spontaneous outgrowth; in
response to ONCM at a 10% concentration,
over 30% of these cells extended axons >5 cell
dia. in length, twice the percentage for the
overall cell population in these experiments.
(b) The survival of RGCs is unaffected by
ONCM. The number of retrogradely labeled
cells in culture, divided by the total number of
viable cells, was 4-5% irrespective of the
presence or absence of ONCM (data in a and
b are pooled from 2 separate experiments,
each containing 4 wells for each condition).
L-15 ONCM, 10%
approximately 1/3 of neurons identified as RGCs grow in response to ONCM,
and since 1 5%-25% of the total cell population extends neurites > 5 cell dia, it
follows that RGCs probably constitute 45-75% of the mixed cultures.
Optic nerve CM contains two trophic factors. Nicholas Boulis showed that after
passing ONCM through a size-exclusion column with a molecular weight cut-off
of 6 kDa (Bio-Rad), neurite-promoting activity was found in both the high
molecular weight fractions (containing most of the protein, as assessed by
spectroscopy at O.D.280) and in low-molecular weight fractions (assessed by
measuring conductivity: data not shown). To examine whether the activity of
these fractions changed after injury to the optic nerve, I prepared ONCM from
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day 0 day 3 day 7
Figure 5. ONCM contains two distinct
neurite-promoting factors. ONCM, obtained
from previously intact optic nerves (day 0) or
from optic nerves which had been injured 3
or 7 days previously, was separated into high
and low molecular weight fractions by size-
exclusion (6kDa molecular weight cut-off). In
all cases, both low (light shading) and high
(dark shading) molecular weight fractions
contained considerable neurite-promoting
activity.
optic nerves dissected either from normal goldfish or from animals 3 or 7 days
after bilateral optic nerve crush, and then used the sizing column to separate
samples into fractions <6 kDa and >6 kDa. ONCM obtained from either intact or
E>
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Figure 6. Specificity of neurite-promoting activity to media conditioned by the
optic nerve, (a) When media conditioned by equal masses of optic nerve, liver,
muscle, and gill were tested at 10% concentrations, extensive neurite outgrowth
was stimulated only by factors secreted by the optic nerve; media conditioned by
the goldfish optic tectum, when added to cultures at the same protein
concentration as CM from optic nerves, induced 1/3 the level of neurite outgrowth
as ONCM. (b) In addition, CM from the optic tectum was found to contain the low
molecular weight trophic factor when tested at 15% concentration relative to
ONCM, although there was no significant difference between the high molecular
weight fraction of tectal CM and the L-15 control.
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injured optic nerves yielded both high- and low molecular weight neurite-
promoting factors (Figure 5a; all samples show higher growth than the L-15
control at a level of p<0.002). The data in Rgure 5 indicate that most of the
activity in unfractionated ONCM can be attributed to the smaller factor.
Tissue specificity of conditioned media. I inlike media conditioned by the goldfish
optic nerve, Nicholas Boulis showed -hat media conditioned by an equal mass of
goldfish skeletal muscle, gill, or live' showed little neurite-promoting activity
(Figure 6a; All samples differ from optic nerve CM at p<0.01 ). I showed that
b.
Figure 7. Production of peurite-promoting factors by the optic nerves of other
teieostf. (a) When media conditioned by the optic nerves of Koi was
fractionated, tho <3kDa fraction of Koi CM stimulated extensive neurite
outgrowth at 25% concentration balanced to ONCM, although the >3kDa
fraction did not. (b) The low molecular weight fraction of cytosolic proteins from
the optic nerves of Atlantic cod showed significant activity relative to the
negative control, when tested at 20% concentration.
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media conditioned by the optic tectum, when matched for protein concentration
to the optic nerve CM (i.e., c. *\0ug protein/ml), showed about one-third the
activity of the optic nerve conditioned media (Fig. 6a; tectal CM differs from
ONCM at p=0.004 and L-15 control at p=0.004 by paired t-test). Upon
fractionation, CM from the optic tectum was found to contain the low molecular
weight trophic factor (Fig. 6b; tectal CM<3kDa vs. L-15 control, p<0.03 by paired
t-test), although there was no significant difference between the high molecular
weight fraction of tectal CM and the L-15 control.
When CM from Koi or cytosolic proteins from Cod were fractionated via
ultracentrifugation through a Centriprep-3, and matched for protein concentration
to ONCM (c. 10fig/ml), activity was seen in the <3kDa fraction (Fig. 7; Koi CM
Figure 8. Phase contrast micrograph of a primary glial
cell culture from the
goldfish optic nerve after 4 weeks in vitro.
The cultures are characterized
by two cell types that occupy separate clusters. Elongated
cells have
previously been shown to be oligodendrocytes (O),
whereas the clusters of
compact cells represent astrocytes (A) (see Bastmeyer et al., 1991, 1993,
1994). Scale bar = 100//m.
Figure 9. Neurons of the goldfish retina extend axon-like processes in response to AF-1 .
(a) Dissociated cells of the goldfish retina maintained for 6 days with control media, (b) Factors
secreted by cultured optic nerve glia (i.e., GCM, diluted 1 :20 in this instance) stimulate retinal
neurons to extend long processes. (c,d) Axonal outgrowth in response to the factors isolated




<3kDa vs. L-15 control, p<0.005; Cod CM <3kDa vs. L-15 control, p=.01).
Effects of glial conditioned media on goldfish retinal ganglion cells. In long-term
cultures, glial cells migrate from the nerve fragments, proliferate, and form a
network-like carpet consisting predominantly of two cell types: elongated cells
that are recognized by markers for oligodendrocytes and clusters of cells that
show morphological features and antigenic properties characteristic of astrocytes
(Bastmeyer et al., 1993; Fig. 8). Media containing factors secreted by these
cultures (i.e., glial conditioned media, GCM), when tested in the bioassay,
induced extensive outgrowth from retinal ganglion cells (Fig. 9b).
The smaller trophic factor is 600-900 daltons in size. Further separation of
ONCM using a Microsep filter (Filtron) with a 1 kDa cut-off showed that
essentially all of the activity <3kDa also passed through the 1 kDa filter (Fig. 10b;
<1 kDa fraction vs. L-1 5 control, p < 0.01 ). I concentrated the <1 kDa fraction 1 5X
by lyophilization and analyzed it by size-exclusion HPLC (Biosep Sec S-2000,
Phenomenex). When tested in the bioassay, fractions 12 and 13 showed high
levels of activity (Fig. 10b; difference in activity between fractions 12 and 13 vs.
L-15 significant at p<0.02). Based on the elution time of several small peptides
(leu-enkephalin [leu, MW = 556], met-enkephalin [met, MW = 877], angiotensin I
[angio, MW = 1297]; all from Sigma), the active factor, tentatively named
axogenesis factor-1 (AF-1) appears to have a size of 600-900 daltons.
The principal neurite-promoting factor in glial conditioned media coincides with
axogenesis factor-1. When GCM was subjected to ultrafiltration, fractions >3kDa
and <3 kDa were both found to induce high levels of neurite outgrowth (Table 1).
When each fraction was diluted 100-fold, the low molecular weight material still
elicited 60% of the maximal response, while the high molecular weight fraction
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Figure 10. The low molecular weight
factor has a Mr of 600-900 Da. (a) High
levels of neurite-promoting activity
remained in ONCM after ultrafiltration with
a molecular weight cut-off of 1 kDa. (b)
HPLC chromatogram and activity profile of
the low molecular weight fraction (<1 kDa)
of ONCM (OD read at 215 nm). Molecular
weight standards include leu-enkephalin
[leu], met-enkephalin [met], and
angiotensin [angio]. Activity was detected
in fractions 12 and 13, corresponding to
molecular sizes of 600-900 daltons.




elicited a 30% maximal effect. In other experiments, we have found that the low
molecular weight fraction causes a maximal response when present at a 2%
concentration. Since the average protein concentration of GCM is c. 225pg total
protein/ml, maximal activity is attained at an overall protein concentration of c.
4.5/vg/ml. In contrast, media conditioned by the optic nerve was found to have an
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Table 1 : Activity of factors secreted by optic nerve glia
Sample Fraction Concentration Mean SEM* Difference from
negative
controls*
L-15 + MediaE - 0.00 0.03
ONCM total 10% 1.00 0.06 p< 0.001
GCM <3kDa 1% 0.61 0.05 p< 0.001
GCM <3kDa 10% 1.07 0.21 p<0.01
GCM >3kDa 1% 0.36 0.12 p<0.05
GCM >3kDa 10% 0.84 0.07 p< 0.001
*
Based upon 4 replicates; all experiments were blinded. Data were normalized
by subtracting the growth in negative controls (cultures treated with medium E
+ L-15 only) and dividing by the net growth in the positive controls (cultures
treated with factors secreted by optic nerve fragments).
* 2-tailed t-tests
overall protein concentration of 100/vg/ml, and to exhibit full activity when diluted
to 15%. Hence, on a per /vg protein basis, GCM is 3-4 times more active than
optic nerve conditioned media. Another difference is that whereas optic nerve
conditioned media has significantly higher levels of activity in the fraction <3 kDa
than in the fraction > 3kDa, the present resuts show that in GCM, the two
activities are more nearly equal.
When separated by size-exclusion HPLC, the low molecular weight fraction of
GCM yielded the chromatogram shown in Figure 11 . In the bioassay,
components eluting at 14-16 minutes were found to contain the neurite-
promoting activity (Fig. 11 : fractions tested at 10% concentration relative to
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Figure 11. Initial separation of GCM reveals a peak of activity. The low molecular
weight fraction of GCM, when subjected to size-exclusion chromatography, yields
a complex mix of components. In the bioassay, fractions D and E, which elute
between 14 and 16 minutes, displayed the neurite-promoting activity when tested
at 10% concentration.
by 1-way ANOVA with Bonferroni/Dunn correction). Miao-fen Gu and Guo-Fu Hu
then subjected fraction D, the principal part of the activity peak, to reverse-phase
HPLC, generating the elution profile shown in Figure 12a. In the bioassay, only
material eluting from the reverse phase column at 4-5 minutes exhibited
biological activity (fractions tested at 10% concentration relative to starting
volume; activity in peaks collected at 4-5 and 5-6 minutes significant at p <0.001
by 1-way ANOVA with Bonferroni/Dunn correction).
Reversed-Phase HPLC ofAF-1. When the low molecular weight fraction
(<1kDa) of medium conditioned by optic nerve fragments was subjected to
reverse-phase HPLC, there was likewise a large adsorbance peak in the
unbound fraction, which eluted at 4-5 minutes (fractions tested at 10%
concentration relative to starting volume; activity in peaks collected at 4-5 min.
significant at p<0.001 and 5-6 min. significant at p <0.001 by 1-way ANOVA with
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Figure 12. Further separation of the low molecular weight factor from GCM and
ONCM by reverse-phase HPLC. (a) Fraction D (from Fig. 11) was concentrated
and applied to a Cie reverse-phase HPLC column as described in the text. The
principal components (visualized by absorbance at 210 nm) eluted at 4-6 min and
contained the neurite-promoting activity (fractions tested at 10% concentrations).
(b) The low molecular weight fraction from ONCM was applied to a Cis reverse-
phase HPLC column. As with GCM, the principal components of ONCM (visualized
by absorbance at 210 nm) eluted at 4-6 min and contained the neurite-promoting
activity (fractions tested at 25% concentrations).
Bonferroni/Dunn correction). As with GCM, this fraction contained all of the
neurite-promoting activity (Fig. 12b). The failure of the active components of
either ONCM or GCM to bind to a hydrophobic matrix was confirmed using five
HPLC C8 or Cis columns in three different laboratories (G.-f. Hu, M.-f. Gu, and
Harvard Microchemistry Facility).
Following reverse-phase chromatography, the biologically active fractions from
both the glial conditioned media and the optic nerve conditioned media were re-
chromatographed by gel-filtration HPLC, yielding the profiles shown in Figs. 13a
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Figure 13. Further separation of the active factor from ONCM and GCM by gel-filtration
chromatography. Fractions from reverse-phase separations which contained the biologically
active factors from GCM (Rg. 12a) and ONCM (Rg. 12b) were applied to a gel-filtration column
as described in the text. The principal components of both GCM (a) and ONCM (b) eluted at 14-
15 minutes (peak = 14.5 min) and contained the neurite-promoting activity, as evaluated in the
bioassay.
appeared at 14.5 min (Fig. 13a,b). In the bioassay, the 14.5 min peaks of both
GCM (Fig. 10c) and ONCM (Fig. 10d) contained the neurite-promoting activity
(Figs. 13a,b; by paired t-test, the active fraction from GCM vs. other fraction
significant at p=0.003; the active fraction of ONCM was significantly different from
other fractions at p=0.0003, 1-way ANOVA with Bonferroni/Dunn correction).
The larger trophic factor is 8-15 kDa in size. Size-exclusion HPLC shows that
the fraction of ONCM >3kDa contains a complex mixture of polypeptides (Fig.
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Figure 14. Chromatogram and activity profile of the high molecular weight fraction of ONCM
after separation by size-exclusion HPLC (optical density, O.D., read at 280 nm). Arrows
indicate the retention times of the molecular weight calibration standards (BSA, bovine serum
albumin; Ova, ovalbumin; Cyto C, cytochrome C). Only fractions 12 and 13 contained
significant neurite-promoting activity.
14). Fractions were initially bioassayed in groups of 2 (with each component
present at 20% concentration relative to the starting material); if pooled fractions
showed any activity, they were rescreened individually, or in pairs again if not. In
both the initial and secondary screens, we observed high levels of activity in
fractions 12 and 13 (Fig. 14; fraction 12 vs. L-15, p = 0.01 ; fraction 13 vs. L-15, p
= 0.05; all others not significant [N.S.]). The active factor, AF-2, has a similar
retention time as cytochrome C (12 kDa; Fig. 14), and we therefore estimate its
size to be 8-15kDa. In some experiments, Miao-Fen Gu observed an additional
peak of activity at 70-100kDa, but this has not been reproducible. This larger
molecule may be unstable and degrade to form the 8-15kDa factor, or it may be a
multimeric complex that dissociates under certain conditions.
Both factors are polypeptides. Upon heating at 95C for 1 5 minutes,
unfractionated ONCM lost about half of its activity (Fig. 15a, tested at 5%
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Figure 15. Heat and protease sensitivity
of the two factors, (a) When heated at
95C for 15 min (dark shading),
unfractionated ONCM lost half of its
activity; the high molecular weight fraction,
by itself, lost nearly all of its activity, (b)
Exposure to trypsin for 1 or 2 h
diminished the activity of unfractionated
ONCM by c. 60%; in the control (Ohrs.),
soybean trypsin inhibitor added at the
same time as trypsin prevented the loss of
activity, (c) The low molecular weight
factor by itself, incubated for 1 h at 56C or
for 15 min at 95C, lost only 25-25% of its
activity (c.f. a and b). Incubation with
proteinase K (PK) for 1 h at 56C reduced
its activity by 80%.
concentrations; difference N.S.). When examined in isolation (at a 20%
concentration), the high molecular weight fraction lost most of its activity after
heating (comparing the activity of ONCM >3kDa before and after heating, p =
0.006 by paired t-test). In contrast, the low molecular weight fraction showed
only a small loss in activity when subjected to 95C for 15 min (Fig. 15c). In
response to proteolytic enzymes, Nicholas Boulis, Miao-fen Gu and I found, on
separate occasions, that unfractionated
ONCM at a 5% concentration lost about
Figure 16. Mass spectroscopy of partially purified AF-1 . Laser desorption TOF mass spectros
copy from the Harvard Microchemistry Lab shows a peak with a molecular weigth of 702 Da, and
a lesser peak at 718 Da. This sample was from GCM that had been serially subjected to ultrafil
tration, gel-filtration HPLC, reversed-phase HPLC and an extra gel-filtration HPLC.
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half of its activity after exposure to trypsin for 1 or 2 hours (Fig. 15b). The low
molecular weight factor, when tested in isolation, showed little trypsin sensitivity
under these conditions, but Miao-fen Gu showed that it was degraded when the
trypsin concentration was dropped to 0.5ug/m\ (data not shown). When treated
with proteinase K (Boehringer Mannheim) for 1 hour at 56C, the low molecular
weight factor lost almost all of its activity (Fig. 15c; treatment at 56C with and
without proteinase K different at p=0.004). In a replicate experiment using
another source of proteinase K (Calbiochem), Miao-fen Gu showed that 100% of
the activity was lost (data not shown).
Mass spectroscopy of AF-1 . When submitted for amino acid analysis, the active
fraction purified from 12 ml of ONCM via reversed-phase and gel filtration HPLC
contained c. 700 nanograms of amino acid. Mass spectroscopy (Fig. 16;
Harvard Microchemistry Laboratory) revealed a dominant component with a
molecular size of 702 daltons, consistent with our previous size estimate of 600-
900 daltons based upon the retention time of AF-1 by gel-filtration HPLC. These
results indicate that at full strength, the concentration of AF-1 is in the range of 80
nM (700ng/12ml x 1 nmole/702ng x 1000ml/l). This material showed near-
maximal activity when diluted 1 :20 (Figure 17; comparing the activity at 4nM AF-1
Figure 17. Dose-response curve of AF-1.
AF-1, isolated by sequential ultrafiltration,
reverse-phase HPLC and gel-filtration HPLC,
was bioassayed at increasing
concentrations. Concentrations of AF-1 were
converted from the amino acid concentration
of the active fraction (c. 6 ng/ml, Harvard
Microchemistry Facility) to molarity based on
the assumption that AF-1 is a peptide of 702
daltons (see text). A half-maximal response
was reached in the low nanomolar range.
[AF-1], nM
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vs. L-15 control, p=0.006, paired t-test). Thus, even taking into account
considerable amounts of loss during purification, it appears that AF-1 is active in
the low nanomolar range. Unfortunately, no amino acids were isolated after the
second cycle of Edman degradation, indicating that the N-terminal of AF-1 may
be capped.
DEAE Column fractions
Figure 18. Additional properties of the two trophic factors, (a, b) Separation of the high
molecular weight fraction of ONCM (>3kDa) by DE-52 anion-exchange chromatography.
At pH 8.4, neurite-promoting activity was recovered in the unbound fraction (a), whereas
at pH 10, the active factor bound to the column and eluted with 0.2 M NaCl (b).
Charge and substrate binding. Ion-exchange chromatography was used to
separate the larger factor further. On a DEAE anion-exchange column run at pH
8.4, Nicholas Boulis found that the high molecular weight factor passed through
the column without binding (Figure 18a; activity in unbound fraction vs. all others
significant at p<0.001); on a similar column run at pH 9.9, I found that the active
factor bound to the column and eluted with 0.2 M NaCl (Figure 18b; outgrowth
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Figure 19. Neither component of ONCM
acts as a substrate-bound trophic factor.
ONCM was separated into high and low
molecular weight fractions by ultrafiltration
(3 kDa cut-off); polylysine-coated wells
were incubated with either fraction at a
10% concentration (light gray shading) or
at full strength (medium gray) overnight,
then rinsed mildly with L-15 medium.
Neither of the active factors acts as a substrate-bound growth factor. When
polylysine-coated plates were incubated overnight with either the high or low
molecular weight fraction of ONCM, either at full-strength or at a 1 :10 dilution and
then rinsed to remove unbound material, no neurite-promoting activity remained
on the plates (Fig. 19).
Intra- and extracellular concentration of the two factors. We investigated whether
the active factors are likely to be secreted by comparing their activity in ONCM
<3kDa10% >3kDa10% >3kDa 20%
Figure 20. Neurite-promoting activity in
conditioned media vs. optic nerve cytosol.
A high-speed supernatant of goldfish optic
nerves was separated into high and low
molecular weight fractions by ultrafiltration
and tested in the bioassay at the same
protein concentrations as optic nerve
conditioned media. The low molecular
weight factor in ONCM (<3kDa, light
shading) showed significantly more
neurite-promoting activity than the < 3kDa
fraction of the optic nerve cytosol (dark
shading); in contrast, the high molecular
weight fractions of optic nerve ONCM and
the high-speed supernatant showed similar
levels of activity when tested at either 10%
(c. 10/yg/ml each) or 20% (c. 20 jyg/ml
each).
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Samples were used in the bioassay at concentrations of 10% and 20%, adjusting
the protein concentration of the optic nerve cytosol (Cyto) to match that of the
ONCM. As shown in Figure 20, the low molecular weight factor is considerably
more concentrated in ONCM than in the ON Cyto (p = 0.002 by paired t-test),
suggesting that the smaller molecule is actively secreted. The larger factor, on
the other hand, is present at equal concentrations intra- and extracellularly.
Figure 21 . The response of dissociated
retinal ganglion cells is unaffected by a
priming lesion. Retinas dissected from
either previously intact fish (light shading)
or fish which had undergone optic nerve
surgery 10 days previously (to initiate the
regenerative response in vivo; dark
shading) were dissociated and cultured in
the presence of either control (L-15)
medium, unfractionated ONCM at a 10%
concentration, a crude preparation of AF-1
(i.e., the low molecular weight fraction of
ONCM at a 10% concentration), or NGF at
100 ng/ml. In all cases, the extent of
neurite outgrowth was unaffected by a
'priming' lesion.
Axogenesis factor- 1 induces the same degree of axonal outgrowth irrespective of
'priming'. To investigate the hypothesis that the glial-derived factors may be
important for initiating axonal outgrowth, we compared the response of retinal
ganglion cells that were 'primed' to begin regenerating their axons in vivo vs.
naive retinal ganglion cells derived from previously intact animals. In the
experiment shown in Figure 21 , four retinas from previously intact fish were
pooled, as were four retinas from fish that had undergone bilateral optic nerve
surgery 10 days previously. Both 'naive' and 'primed' RGCs showed little
spontaneous outgrowth in control media. In the presence of either total
(unfractionated) ONCM or the <3kDa fraction of ONCM (both at submaximal
concentrations), neurons from 'naive' and 'primed' retinas showed similar levels
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of neurite outgrowth. Neither primed nor unprimed retinal ganglion cells showed
any response to fetal calf serum present at a concentration of 10%, although the
cell survival was significantly decreased (data not shown). In addition, NGF at
100 ng/ml had no effect on either primed or unprimed RGCs. The absence of a
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Figure 22. Specificity of neurite-promoting effects to factors in optic nerve CM. (a) The
neurotrophins NGF, BDNF, NT-3, and NT-4/5 all failed to promote neurite outgrowth when
tested at concentrations between 10 pg/ml and 100 ng/ml (only the highest
concentrations are shown), (b) The trophic factors CNTF, acidic FGF and basic FGF
likewise failed to induce neurite outgrowth when tested at concentrations between 1 and
100 ng/ml (only the highest concentrations are shown).
Activity of other molecules on dissociated retinal cultures. To investigate
whether other factors mimic the activity found in ONCM, we tested two small
molecules that have been reported to modulate outgrowth in 'primed' retinal
cultures, along with several macromolecular growth factors. Miao-fen Gu found
that taurine (Altshuler et al., 1993), at concentrations up to 10mM, had no effect
at all, nor did retinoic acid (tested up to 100/jM). Preliminary experiments (J.
Page 58
Winickoff and N. Irwin) found no effects of NGF on dissociated retinal neurons at
5 and 50nM and weak stimulation at 500nM. The results shown in Figure 22a
show an absence of NGF activity at 100nM, 20 times the dosage that enhances
axonal outgrowth in primed goldfish retinal explant cultures (Turner et al., 1982).
Other neurotrophins likewise failed to induce outgrowth over a wide range of
concentrations: BDNF, NT-3, and NT-4/5 (all gifts of Regeneron) were tested
between 10 pg/ml and 100 ng/ml and all failed to elicit any axonal outgrowth (Fig.
22a; only results from the highest concentrations tested are shown). Non-
neurotrophin growth factors that were tested between 1 and 100 ng/ml included
acidic and basic fibroblast growth factors and ciliary neurotrophic factor. These
likewise had no effect (only the results from concentrations of 100ng/ml are
shown in 22b).
b.
Figure 23. Toxic effects of
antisera against BDNF. (a) Neither a-BDNF nor non-immune
turkey serum have an effect
on neurite outgrowth from RGCs. (b) However, a significant
decrease in survival is seen in the wells exposed to a-BDNF, even at titers as low as 1 :1000.
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Role of BDNF in dissociated retinal cultures. Although BDNF did not have any
effect on either RGC survival or outgrowth, it remained possible that BDNF was
present endogenously in saturating concentration. To determine whether
endogenous BDNF plays an important role, turkey immune serum containing a-
BDNF antibodies were tested at titers of 1 :200, 1 :500 and 1 :1000. As shown in
Figure 23, all three significantly decreased survival when compared to a control
non-immune turkey serum (p<0.002 by paired t-test for all three vs. control serum
at 1 :200). The effects of the antiserum at 1 :200 vs. 1 :1000 approach statistical
significance (p=0.125 by paired t-test), indicating that the antiserum may be
acting in a dose dependent manner.
Discussion
Regeneration of the optic nerve in lower vertebrates has been a classic model for
studying the development and plasticity of highly organized pathways in the CNS
(Grafstein, 1986; Jacobson, 1991; Bahr and Bonhoeffer, 1995). To characterize
the nature and source of the factors responsible for the induction of optic nerve
regeneration, a dissociated cell culture model of the goldfish retina grown in
serum-free, defined media was developed in the Benowitz lab. Under these
conditions, two factors that are secreted from the glial cells of the optic nerve
induced retinal ganglion cells to extend lengthy, axon-like processes. One of
these factors, tentatively named axogenesis factor 1 (AF-1), is a heat-stable,
protease-sensitive molecule with a molecular weight of 600-900 Da. Mass
spectroscopy of a purified fraction shows a dominant peak at 702Da. It is highly
hydrophilic, as evidenced by its failure to bind to a reverse-phase Cis column,
and is effective in the low nanomolar range. The second factor, AF-2, is a heat-
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labile protein of with an estimated size of 8-15kDa.
The goldfish optic nerve consists of several cell types, including
oligodendroglia, astrocytes, macrophages, microglia, and epithelial cells (Battisti
et al., 1992). In addition, AF-1 and AF-2 could be contaminants from blood,
fibrous tissue, bone or muscle that entered the ONCM during the dissection
process. Therefore, it was important to prove that RGCs or their axon terminals
would have access to these molecules during the initial stages following injury,
i.e. that these molecules were physiologically relevant. To answer this question
we entered into a collaboration with Martin Bastmeyer and Claudia Sturmer of
the University of Konstanz, Germany, who have developed glial cultures derived
from the goldfish optic nerve (Bastmeyer et al., 1991) that are 80%
oligodendroglia and 20% astrocytes. The oligodendroglia alone have been
shown to be potent substrates for neurite extension in vitro. We have shown that
goldfish glial cultures secrete soluble factors that induce retinal ganglion cells to
extend processes. One of them copurifies with AF-1 . These molecules seem to
be concentrated in the cultures when compared to ONCM on a protein for protein
basis. Therefore, AF-1 and AF-2 may be restricted to oligodendroglia of the
goldfish optic nerve, given our evidence that there is no activity in preparations
from gill, muscle and liver. There is some activity, although significantly less than
that in ONCM or GCM, in CM derived from the optic tectum, in agreement with
previous studies (Johnson and Turner, 1982). Therefore, in addition to the fact
that goldfish oligodendrocytes express lower levels of inhibitory molecules on
their surfaces than the comparable cell type in mammals, and express an L1-like
cell adhesion molecule (see above), they may be more permissive for neurite
outgrowth in vitro (Bastmeyer et al., 1993) because they produce AF-1 and AF-2.
The trophic factors could be secreted from these cells or they might only
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be released from the cytoplasm of cells that are injured by our dissections or that
lyse in culture, as is the case for CNTF (reviewed in Lindsay et al., 1994). To
investigate this question, we compared the concentration of the 2 factors in
conditioned media and optic nerve homogenates. If one assumes as a worst
case scenario that most proteins appear in the ONCM as a consequence of cell
lysis, then any protein that is present in equal concentrations intra- and
extracellularly may not have been secreted actively, though it could still be of
physiological significance when a nerve is injured. AF-1 was found to be present
in significantly higher concentrations in ONCM than in optic nerve cytosol,
indicating that it is probably secreted. AF-2, on the other hand, was present at
similar concentrations intra- and extracellularly.
The activity of AF-1 and AF-2 was not mimicked by several
macromolecular trophic factors that we tested. The possibility that AF-2 could be
a known neurotrophin was a significant consideration due to the size and
presumptive isoelectric point of AF-2, based on its elution profile by DE-52 anion-
exchange chromatography. In addition, NGF stimulates outgrowth from primed
retinal explants (Turner et al., 1982), BDNF promotes the survival and outgrowth
of rat retinal ganglion cells maintained in culture (Johnson et al., 1986), and NGF,
BDNF and NT-3 are all present in significant quantities in the adult rat retina
(Maisonpierre et al., 1990). However recombinant NGF, BDNF, NT-3 and NT-4/5
had no effect in our culture system, even at several times the concentration
reported to be effective in mammalian retinal cultures (to help compensate for
interspecies differences in molecular structure).
This is not to say that the neurotrophins may not be playing a significant
role in regeneration of RGC axons in vitro and in vivo, based on our evidence
that BDNF antiserum decreases RGC survival. We propose that factors such as
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BDNF may be needed for cell survival, but are already present in the cultures at
sufficient concentrations, so that the addition of exogenous neurotrophin has no
detectable effect. BDNF may be secreted in an autocrine or paracrine loop, as
has been seen in embryonic cortical neurons (Ghosh et al., 1995). However, this
hypothesis needs to be explored further. The toxic effect could be a result of
unrelated plasma products in the three antisera preparations used. In addition,
we have tested an a-BDNF immunoglobulin purified from this antiserum by BDNF
affinity chromatography (performed by J. Carnahan at Amgen) at a 1 :500 titer
without any effect on cell survival (single experiment, data not shown). This
antibody was shown to have a similar effective titer to the antiserum when tested
on chick DRG neurons (personal communication, J. Carnahan). We plan to test
the purified antibody at higher titers.
In addition to the neurotrophins, we found no effect on neurite outgrowth
by acidic FGF, which has been reported to enhance axonal outgrowth in
mammalian mixed retinal cultures (Upton et al., 1988), nor by basic FGF nor
CNTF.
These findings demonstrate that the effects of AF-1 and AF-2 on RGCs
are highly specific. We hypothesize that AF-1 and AF-2 are responsible for
initiating regeneration in vivo and are the causes of the priming effect. They are
released by the glia of the optic nerve, which are not present in explants, and
cause retinal ganglion cells to undergo the complex series of events, by initiating
transcription and translation, that lead to axonal extension. AF-1 and AF-2
caused the same amount of neurite outgrowth independently of priming. If there
had been greater growth from primed cells exposed to AF-1 or AF-2 than from
naive cells exposed to these molecules, we would have to postulate that some
other process, and not AF-1 ana AF-2, were responsible for the priming effect.
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However, this was not the case. Once regeneration is initiated, retinal ganglion
cell become responsive to the host of molecules that have been shown to have
effects on explants from primed retinas. These other molecules may have
important modulatory roles that may influence pathfinding in vivo, but are not
capable of initiating the process. Finally, some of these other molecules may
cause intermediary cells that are present in the explants but lost during the
dissociation process to release molecules that primed retinal ganglion cells
respond to. On the other hand, AF-1 and AF-2 appear to work directly on RGCs,
since neurite outgrowth is not affected by significant decreases in cell density
when the concentrations of fractions of ONCM are kept constant (M.-F. Gu and
LI. Benowitz, in Schwalb et al., 1995). The lack of an intermediary cell may
explain why NGF at 100 ng/ml was not found to have any activity in either primed
or naive dissociated cultures, whereas Turner et al. (1981) have reported
significant outgrowth from primed explants at concentrations as low as 5 ng/ml.
Mizrachi et al. (1986) described a 10kDa protein in optic nerve CM which is
adsorbed onto polylysine substrate and which binds to DE-52 beads at neutral
pH, unlike AF-2 (Figures 18a, 19). This protein enhanced neurite outgrowth in
retinal explants which had begun to regenerate their axons in vivo, but did not
induce outgrowth from unprimed retinas. Other components of ONCM that
likewise differ from the ones described here, but may yet be important in
modulating goldfish optic nerve regeneration, include apolipoprotein A, a 28kDa
protein that binds to heparin sulfate proteoglycans and which may contribute to
lipid transport (Harel et al., 1989); a 60-65kDa plasminogen activator that may be
involved in the proteolysis of the extracellular matrix, thereby allowing growing
axons to advance (Salles et al., 1990); a 28kDa protein resembling interleukin-2
(IL-2; Eitan et al., 1992); a transglutaminase that may contribute to the
dimerization of IL-2 and render it toxic to oligodendrocytes (Eitan & Schwartz,
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1993); platelet-derived growth factor (Eitan et al., 1992); an acidic 26kDa protein
that binds to polylysine substrate and induces axonal outgrowth from embryonic
mammalian neurons (Caday et al., 1989); and laminin. Finally, a group of
glycoproteins with molecular weights 2 37kDa (ependymins or X-GPs), which are
secreted by cells of the choroid plexus and subependymal layer (Thormodsson et
al., 1992; Shashoua, 1985), promote axonal outgrowth in primed explants
(Schmidt etal., 1991).
One question that remains unresolved, however, is the relationship of the
two factors to one another. AF-1 and AF-2 each induce neurite outgrowth in our
assays, and their effects do not appear to be synergistic. Nevertheless, it is
possible that in vivo they function in a complementary fashion. We also can not
rule out the possibility that AF-1 is a degradation product of AF-2.
Most of the basic cellular and molecular phenomena associated with
nerve development and regeneration have been shown to be highly conserved
across vertebrate evolution, e.g., growth-associated proteins, membrane-cell
adhesion proteins, cytoskeletal components, extracellular matrix proteins, and
neurotrophins. Factors from the goldfish are known to have efficacy in the
mammalian nervous system. Molecules from the regenerating fish optic nerve
stimulate protein synthesis in rabbit retinas in vivo and cause axonal sprouting
from injured rabbit retinas when they are subsequently explanted (Schwartz et
al., 1985). The Benowitz lab has reported a 26kDa, substrate-binding, acidic
protein that is present in CM of the regenerating, but not the intact goldfish optic
nerve, which promotes neurite extension from the embryonic rat and human
cortex in vitro (Finklestein et al., 1987, 1988; Caday et al., 1989). AF-1 and AF-2
may also be highly conserved, as evidenced by the activity seen in Koi CM and
Cod cytoplasmic extract. Therefore, it seems likely that AF-1 and AF-2 have
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homologues that play a role in the development and regeneration of mammalian
CNS pathways as well. Preliminary studies indicate that AF-1 derived from either
glial cultures or optic nerve conditioned media promotes axonal outgrowth from
retinal ganglion cells of the rat (M.-F Gu and L.I. Benowitz, unpublished
observations). These factors or their human homologues may ultimately have
relevance, perhaps in combination with other agents, in addressing the failure of
CNS pathways to regenerate in man.
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